The photoreceptors of dark-adapted skate retinas bathed in a Ringer solution containing horseradish peroxidase (HRP) incorporate the tracer into membranebound compartments within the synaptic terminal of the cell; after 1 or 2 h of incubation, approx. 10-38% of the synaptic vesicles were labeled. The receptors appeared to be functioning normally throughout the incubation period, since electrical potentials of normal amplitude could be elicited in response to dim photic stimuli. However, it was possible to block the uptake of peroxidase by a regimen of light adaptation that effectively suppressed light-induced activity in the electroretinogram. If, during incubation with peroxidase, retinas were exposed at 10-min intervals to an intense 1-ms flash from a xenon discharge tube, the receptor terminals were almost completely devoid of peroxidase; fewer than 2% of the vesicles were labeled. The suppression of HRP uptake could also be achieved in dark-adapted retinas by adding magnesium to the bathing solution, suggesting that calcium is necessary for transmitter release from vesicles in the receptor terminals.
The absorption of light by a vertebrate photoreceptor causes the negative-resting potential of the cell to increase (30) . This hyperpolarization is thought to be conducted passively to the presynaptic membrane of the receptor terminal (15) , the region across which the receptor communicates with second-order neurons. While there is much indirect evidence to support the view that neurotransmission is mediated chemically (4, 10) , neither the transmitter nor the mechanism by which it is released has been identified. Nevertheless, studies employing a variety of experimental approaches have yielded results which are consistent with the hypothesis that liberation of the transmitter substance is maximal in the dark and is suppressed by light (32) .
Electrophysiologicai evidence favoring this notion stems mainly from analyses of the response properties of horizontal cells, a class of interneurons situated directly beneath the receptor terminals with which they make synaptic contacts (10, 33) . For example, it has been shown that increas-ing the concentration of extracellular magnesium ions causes the horizontal cell to hyperpolarize, the same response elicited by photic stimulation (10) . Because it acts competitively with calcium, Mg § tends to decrease the amount of transmitter substance released at chemical synapses, e.g., the cholinergic neuromuscular j unction (3) . Assuming that Mg § produces the same effect at the receptor terminal, the hyperpolarizing response both to Mg + § and to light indicates that the latter exerts its effect on the horizontal cell by turning down the dark discharge of a depolarizing transmitter.
Recent histochemical studies have also provided important information as to the nature of the synaptic machinery at the photoreceptor terminal. Experiments by Schacher et al. (27) and by ourselves (26) on the uptake of horseradish peroxidase (HRP) have shown that, applied extracellulady, this protein tracer is incorporated more readily into the vesicles of dark-adapted endings than those exposed to light, i.e. the terminals exhibit greater activity in the dark than when photically stimulated.
The present paper gives a detailed account of studies in which the tracer technique was utilized to compare the effects of illumination and of excessive amounts of magnesium on the release mechanism. In addition, we have attempted to determine whether the uptake of HRP can be influenced by the change in membrane potential induced by sodium aspartate.
MATERIALS AND METHODS
Adult skate (Raja erinacea and Raja oscellata) were maintained at 14"C in opaque, aerated seawater tanks for at least 48 h before the start of an experiment. Eyes were enucleated in darkness with the aid of an infra-red light source and image converter, and pieces of eyecup (-1 cm 2) were excised from the posterior half of the globe. After removal of most of the vitreous humor with Weck-Cel sponges (E. Weck and Co., N.Y.), the tissue was mounted in a Lucite chamber and enclosed within a light-tight Faraday cage. The chamber contained a chlorided silver disc electrode which formed a platform for the scleral surface of the eyecup; a second electrode, consisting of an Ag-AgCI wire in an agar-Ringer filled pipette, made gentle contact with the retina for recording the electroretinogram (ERG).
HRP (Type II, Sigma Chemical Co., St. Louis, Mo.) was used as a tracer in a concentration of 5 mg/ml of oxygenated elasmobranch-Ringer solution; the latter contained 280 mM NaCI, 5.0 mM KC1, 4.0 mM CaCI2, 2.5 mM MgCI2, 2.0 mM glucose, 330 mM urea, and was buffered with NaHCO3 to a pH of 7.2. In addition, experiments were conducted with perfusates in which 50 mM sodium aspartate was substituted for equimolar amounts of sodium chloride, and with calcium-deficient (1.0 raM) media in which the HRP-Ringer solution conrained 20 mM MgCl2. The osmolarities of these solutions were adjusted to that of the standard Ringer's (860 mosmol) by an appropriate change in the concentration of urea. Solutions were delivered to the retinal surface at a rate of 0.5 ml/min through a glass capillary tube that dipped into a well of fluid filling the eyecup; overflow (and consequent shunting of electrical currents) was prevented by suction through a second capillary tube connected to a vacuum line. Perfusion with the HRP solutions lasted for 1 or 2 h, during which time the preparations were either kept in darkness or exposed to light by one of several different procedures. In fully darkadapted preparations, ERG recordings indicated that receptoral responses of normal amplitude (35-55 /zV) could be elicited throughout the incubation period.
The light-adapting conditions were selected with the objective of suppressing fully the light-evoked electrical responses of skate rods during the time they were immersed in HRP. The slow, graded potentials generated by these cells reach a maximum amplitude, i.e., saturation, when the illuminance of a background field exceeds 2 x 10 -4 mW/cm 2 (9) . In the present experiments, an adapting field 100 times more intense was used either for continuous light adaptation or to stimulate the retina intermittently at a rate of 1 flash per 4 s: flash duration = 0.2 s. Alternatively, several preparations were exposed at 10-min intervals to a 1-ms flash from a xenon discharge tube adjusted in intensity so as to bleach about 20% of the available rhodopsin with each flash (7) . None of these maneuvers completely eliminated the receptoral response to a bright test stimulus for the entire 2-h test period, but the xenon flash proved most efficacious in this regard (see Results).
After treatment with peroxidase, the retinas were dissected free of the choroidal and scleral coats and immersed for 7 h in cold (40C) fixative consisting of 2% formaldehyde (prepared from paraformaldehyde) and 3% glutaraldehyde in 100 mM cacodylate buffer at pH 7.2, with 17.25% sucrose and 4.5 mM CaC12. The retinas were washed overnight in buffer, suspended in 7% agar, and cut at 40 txm with a Smith-Farquhar tissue sectioner. To demonstrate sites of peroxidase activity, the sections were treated according to a modified version (28) of the procedure introduced by Graham and Karnovsky (11 ). The tissue was first immersed for 30 min in 0.05% diaminobenzidine (DAB) in 0.05 M tris-HC1 buffer (pH 7.6) at 20~ and then incubated for 30 min in the complete reagent containing DAB and 0.01% HzO2. Postfixation was carried out in 1.3% OsO4 in 67 mM S-collidine (pH 7.3) containing 17.25% sucrose.
The retinas were stained en bloc with uranyl acetate, dehydrated in ethanol and propylene oxide, and embedded in Epon 812 (22) . Thin sections were lightly stained with lead citrate and examined in a Zeiss EM 9A electron microscope.
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RESULTS
The electron micrograph shown in Fig. 1 , from a preparation not exposed to HRP, serves to illustrate the structural features of a skate photoreceptor terminal and its relation to neighboring elements. Although associated exclusively with rhodopsin-bearing, rodlike outer segments (7), the terminal profile does not conform to that of a typical rod spherule. A short, stubby axon joins the nuclear and synaptic regions of the cell, and an unusually large number of processes (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) enter the single invagination at the base of the terminal. In the sections examined, three, and often four, densely-stained lamellated bars or ribbons were frequently seen near the margin of the presynaptic membrane; it appears from the study of serial sections (6) that each ribbon is associated with postsynaptic processes that derive from horizontal and bipolar cells. Although the apposed membranes of adjacent terminals may be joined through so-called "gap" junctions (our unpublished observations; cf. also reference 35) , no areas of contiguity have been observed between the photoreceptor and second-order neurons; i.e., the elements are separated by a synaptic cleft -2 0 0 A wide.
The cytoplasm of the receptor terminal is filled largely with electron-lucent vesicles, approx. 400-500 A in diameter. Some of the vesicles appear to be complex or "coated" (13, 20) , and there are throughout the terminal elements of endoplasmic reticulum. In addition, there is a well-defined 
88
THE JOURNAL OF CELL BIOLOGY" VOLUME 70, 1976
Golgi complex located in close proximity to the nucleus, as well as a number of rounded "vacuoles" and irregularly shaped "cisternae" (cf. reference 17) whose profiles are appreciably larger than those of the vesicles. In the presynaptic region of the terminal, agranular vesicles aggregate to form a shell surrounding each ribbon. The strategic location of the ribbon and the halo of vesicles which surround it have prompted the suggestion that the ribbon serves to guide synaptic vesicles to the specific sites of the presynaptic membrane at which neurotransmitter is released (12) .
Dark-Adapted Retinas
Figs. 2 and 3 show the outer synaptic regions of retinas which had been maintained in darkness for either 1 or 2 h during incubation with HRP. In each of the sections, reagent has permeated the extracellular space, and its reaction product outlines the cells and processes that occupy the external plexiform layer. Particularly noteworthy is the fact that HRP has been incorporated extensively into vesicles and other membrane-bound compartments (vacuoles and cisternae) throughout the cytoplasm of the photoreceptor terminals (Fig. 2) . Reaction product was disposed in a variety of ways inside these compartments (Fig. 3) , but most often it gave the appearance of inhomogeneous, irregularly shaped clumps or tufts lining the periphery of the vesicles. On the basis of examination of a large number of sections, we estimate that 10-38% (mean = 20.2%) of the vesicles contained reaction product (Table I) . Some of the variability is probably attributable to the different incubation times used in these experiments, but we have not attempted to study systematically the temporal course of the response.
Reaction product was seen occasionally in the processes and cell bodies of second-order neurons and within the cytoplasm of the glial (Miiller) cells. However, in addition to being relatively sparse, the uptake of HRP into these elements was not influenced by photic stimulation (see below).
Light-Adapted Preparations
The results obtained with the various lightadapting conditions showed that the uptake of HRP was markedly reduced by photic exposures. Of the various light-adapting protocols employed, that which involved intense 1-ms flashes at 10-min intervals was most effective. As shown in Fig. 4 , the cytoplasm of the rod terminals is almost completely devoid of peroxidase, although reaction product outlines the perimeter of the terminal. The flash intensity, attenuated with neutral density filters, was selected on the basis of preliminary experiments to induce a prolonged saturation of the receptor potential, i.e., to suppress all lightevoked electrical activity for approx. 10 min after the flash (8) . Thus, the visual cells were effectively "light-adapted" for 2 h, although the retina was in darkness for only 12 ms less than 2 h. In these circumstances, fewer than 2% of the synaptic vesicles contained reaction product (Table I) .
With continuous illumination or flickering stimuli, on the other hand, skate rods "adapt" to the prevailing luminance level. Thus, the early saturating effect of a light-adapting field is soon dissipated, and the electroretinogram reveals varying degrees of photosensitivity (9, 14) . In retinas which eventually become electrically responsive to test stimuli during light adaptation, some reaction product was invariably seen within the vesicles, vacuoles, and cisternae of the photoreceptor terminals, but the fraction of vesicles labeled was always significantly less than that found in darkadapted preparations.
The Effect of Magnesium on DarkAdapted Retinas
The photoreceptor terminals of retinas maintained in darkness for 2 h while being perfused with an HRP-Ringer solution containing an excess of magnesium ions showed a marked decrease in intracellular reaction product, despite the fact that the photosensitivity of the receptor potential was normal throughout the incubation period. As shown in Fig. 5 (see also Table I), the amount of peroxidase incorporated into vesicular compartments in these dark-adapted preparations was comparable to that found with optimal lightadapting conditions (Fig. 4) .
Attempts to determine whether the ability of magnesium to block HRP uptake could be counteracted by an increase in the concentration of extracellular calcium were unsuccessful. A significant increase in calcium ([Ca]o -> 20 mM) reduced the amplitude of the receptor potential to below the noise level of the recording apparatus, a consequence most probably of its hyperpolarizing effect on the cell's membrane potential (see Discussion).
Sodium Aspartate and Peroxidase Uptake
The previous results provide further evidence that the release of transmitter from the visual cell is maximal in the dark; the adequate stimulus for RIPI, S Er AL. Peroxidase Uptake by Photoreceptor Terminals of the Skate RetinaFIGURE 2 Electron micrograph of the outer synaptic region of a retina incubated in Ringer's with HRP for 1 h in darkness. Many synaptic vesicles, vacuoles, and cisternae containing peroxidase reaction product are located throughout the terminals, but the tracer is seen only rarely in nonreceptoral elements (arrows). In these terminals, approx. 35% of the vesicles contain HRP. Reaction product is also present in the extracellular spaces outlining the cells and their processes. Scale marker, 1 p,m. • 15,300. FIGURE 3 Electron micrographs of photoreceptor terminals from a dark-adapted preparation incubated for 2 h in HRP-Ringer's. Reaction product appears as inhomogeneous, irregularly shaped clumps of electron-dense material lining or filling the vesicles, as well as the larger cisternae and vacuoles (arrowheads). A few complex or "coated" vesicles are also seen (arrows). Scale marker, 0.2 p.m. x 62,000. the receptor (namely, light) can only decrease the rate at which transmitter is liberated. Nevertheless, in an attempt to enhance transmitter release and to determine whether the uptake of peroxidase was modulated by the membrane potential of the photoreceptor, we added sodium aspartate to the HRP-Ringer solution bathing the retina. Kleinschmidt (21) has shown with intracellular recordings from Gekko rods that aspartate depolarizes the cell membrane and increases the maximum voltage which the receptor can generate in response to light. Fig. 6 shows receptor terminals from darkadapted retinas that had been perfused for 2 h with the aspartate-Ringer solution. It appeared that the intracellular accumulation of reaction product was somewhat greater than that seen in dark-adapted retinas bathed in solutions which did not contain aspartate (Fig. 2) . In addition, aspartate seems to have induced the formation of a greater number of vacuoles and cisternae, most of which exhibit peroxidase activity. In a large number of sections, reaction product was concentrated mainly in the region of the Golgi complex where there appeared to be a confluence of vesicles and cisternae. Although it seemed that a greater amount of vesicular membrane was labeled by peroxidase (Table I) , we did not find an increased accumulation of reaction product within vesicles surrounding the presynaptic ribbon or along the presynaptic membrane.
DISCUSSION
The findings reported here, and those of Schacher et al. (27) , show clearly that dark-adapted vertebrate photoreceptors take up peroxidase from the extracellular space and incorporate the tracer into membrane-bounded compartments within their synaptic terminals (Figs. 2 and 3) . Light adaptation sufficient to make the receptor refractory to further stimulation suppresses almost completely the uptake of peroxidase (Fig. 4) . Since reaction product is found almost exclusively within vesicular elements, and not elsewhere in the cytoplasmic matrix, it appears likely that the uptake results from an endocytotic process that follows the discharge of neurotransmitter in the dark.
It has been suggested that an exocytosis-endocytosis coupling system provides the means by which secretory cells conserve their membrane constituents (2, 5, 19, 23) . Using the peroxidase tracer technique to follow the sequence of events involved in this process, Heuser and Reese (17) have proposed a mechanism by which rapid recycling occurs at the motor nerve terminal of the frog. According to their scheme, vesicles release their transmitter by exocytosis at particular sites on the presynaptic membrane. The vesicular membranes then move within the fluid phase of the plasma membrane, and some distance away begin to reform as "coated" vesicles. These, in turn, coalesce to produce large cisternae, and membranous buds pinch off from the cisternae to form new vesicles; evidence that the newly formed vesicles can store and release transmitter was presented by Ceccarelli et al. (2) . Although we have not attempted to determine the temporal course taken in the translocation of peroxidase at the photoreceptor terminal, it is noteworthy that reaction product was confined to elements implicated by Heuser and Reese in the recycling process, namely, synaptic vesicles, coated vesicles and cisternae (Fig. 3) . Also of interest in this connection is the large accumulation of reaction product found within cisternae after depolarization of the receptor with sodium aspartate (Fig. 6) . However, even in those terminals in which a great deal of HRP was taken up, we did not observe an increase in the number of peroxidase-filled vesicles at presumptive release sites along the presynaptic membrane. It is possible that the membrane-retrieval mechanism is not the main route used by intact photoreceptors to provide neurotransmittercharged vesicles. On the other hand, the presence of labeled vacuoles and cisternae in the darkadapted state implies, according to the HeuserReese scheme, that vesicle membrane is already being recovered faster than it can be turned into synaptic vesicles. Thus, the effect of inducing even RIPPS ET AL. Peroxidase Uptake by Photoreceptor Terminals of the Skate Retina 91 more vesicle discharge and recovery may tend to increase the number of cisternae within the terminal. The membrane potential of the dark-adapted photoreceptor is also of interest with regard to the mechanism by which the cell controls the discharge of its neurotransmitter. There is compelling evidence to indicate that in darkness a steady current flows inward across the plasma membrane of the receptor outer segment, and outward through the membrane of more proximal regions of the cell (25) . It is generally agreed that the principal ionic species responsible for this dark current is sodium, and that, by a mechanism yet to be elucidated, quantal absorption in the outer segment reduces the influx of Na § and causes the cell to hyperpolarize (1,29) . Thus, the resting potential of the dark-adapted cell ( -3 0 mV) is considerably less than the voltage level attained during photic stimulation (31, 34) . The foregoing remarks point to the fact that, in so far as transmitter release is concerned, the photoreceptor terminal behaves in an orthodox fashion. As with other neurosecretory cells, depolarization enhances and hyperpolarization suppresses the liberation of transmitter substances.
A question we have not been able to resolve fully concerns whether the release of transmitter depends upon the entry of calcium into the photoreceptor terminal. The fact that magnesium can effectively block the uptake of peroxidase (Fig. 5) , as well as cause horizontal cells to respond with the same polarity as that elicited by photic stimulation, indicates that an excess of Mg + § upsets the normal dark release of transmitter. But there is no assurance that these reactions 94 THE JOURNAL OF CELL BIOLOGY' VOLUME 70, 1976 result from interference with a calcium-dependent process.
A convenient way of demonstrating that competitive inhibition is responsible is to reconstitute the release mechanism in the presence of Mg §247 through the addition of Ca § (3). This maneuver could not be adopted in the present situation (see Results). We noted earlier that a continuous dark current is generated by an influx of Na + into the outer segments of the visual receptor, and that light decreases this sodium conductance. The results of recent studies suggest that the dark current is controlled by the activity of calcium ions, i.e., an increase in Ca ++ concentration mimics the effect of light in that it hyperpolarizes the photoreceptor and decreases the receptor's response to photic stimuli (1, 16, 36) . Irrespective of whether calcium is an intermediary between photon absorption and the reduction in membrane permeability to sodium, it seems likely that the inhibitory effect exerted by excess Ca + § at the distal end of the photoreceptor would offset whatever increase it might produce in vesicle turnover (and peroxidase uptake) at the synaptic terminal. An alternative approach to this problem which we are currently exploring involves the use of EM and X-ray dispersive analysis to identify calcium-binding sites within the receptor terminal (18, 24).
